Summary.
A cell-maceration/scanning electron microscope (SEM) method was employed to demonstrate the arrangement of the collagen fibrillar network of various tissues. Immersion of fixed tissues in NaOH (25C) for 3-7 days, followed by rinsing in distilled water successfully removed the cellular elements, exposing collagen fibrils which were identified as such by transmission electron microscopy in their natural locations. SEM observations of the preparations are able to demonstrate the three-dimensional architecture of collagen fibrils much more precisely than other methods, including the silver impregnation method. Collagen fibrils, forming sheaths for housing individual cardiac myocytes, fused together, thus ensuring an equal stretch of contiguous myocytes and preventing the slippage of adjacent cells. Individual skeletal muscle fibers and nerve fibers were ensheathed by the meshwork of collagen fibrils running in two opposite helices. Such structures seem to play an important role in resisting the stretching impetus. At the epithelial-connective tissue junction of the tongue and fingertip skin, interwoven collagen fibrils formed numerous microridges which probably provide a broad anchorage for the epithelium. In the intestinal mucosa, the collagen fibrillar network immediately below the basal laminae of the villous epithelium possessed heterogeneous pores. As the collagen fibrillar network shows morphological features specific to individual organs and tissues, it is suggested that such formations not only constitute the skeletal framework but also provide those cells which are housed there with a microenvironment suitable for their activities.
The connective tissues constitute the skeletal frameworks of the organs. The organization of the connective tissue framework of each organ undoubtedly reflects the function of the organ. In the first half of this century light microscopy of silver-impregnated preparations was the principal technique for the study of the connective tissues (e.g., HOLMGREN, 1907; PLENK, 1927; NAGEL, 1934 NAGEL, , 1935 CLARA, 1936) , and the fine three-dimensional organization of the connective tissues could not be properly visualized. During the last decade, scanning electron microscopy (SEM) has become widely employed to obviate this disadvantage, but demonstration of the structure of connective tissue fibers under the SEM has been disturbed by the presence of hampering cellular elements.
Recently one of the authors (OHTANI, 1987) introduced a cell-maceration method with a low temperature NaOH solution for SEM observations of connective tissue fiber arrangements.
Other authors have actually attempted to remove cellular elements to expose the connective tissues, using acetic acid (HORSTMANN, 1952 , 1954 , 1957 ), trypsin (SCHENK and WERSALL, 1975 , EDTA (KLEIN-SZANTO and SCHROEDER, 1977) , prolonged fixation in 0504 followed by ultrasonication (HIGHISON and Low, 1982) , maceration in boric acid plus ultrasonication (Low and MCCLUGAGE, 1984) , washing in a jet of Ringer's solution (MIYOSHI and SHINGU, 1984) , or with low temperature HCl (KOBAYASHI, MIYATA and IINO, 1987) . Our experiments, however, have revealed that treatment with NaOH at room temperature is able to remove cellular elements much more effectively and consistently, and thus more clearly expose the connective tissue fibers than any other methods so far reported.
The present study shows the wide applicability of the "cell-maceration/SEM method" to the study of connective tissue fibrillar arrangement of various tissues, and demonstrates collagen fibrillar networks as skeletal frameworks of the body. The significance of the specific pattern of the networks is also discussed.
MATERIALS AND METHODS
The materials used were the tongue of an adult mongrel dog (10kg body weight), and the small intestine of an adult rabbit (3.5kg body weight). The human tissues used were cardiac muscle and fingertip skin obtained in the autopsy of two Japanese male individuals who died of lung cancer at 74 years of age and of acute heart failure at 57 years of age, respectively. Routine light microscopy of hematoxylin-eosin stained tissues revealed no significant pathological alterations in the materials.
The materials were fixed in 2.5% glutaraldehyde or 4% paraformaldehyde in a 0.1M phosphate buffer solution (pH 7.3) by either perfusion or immersion, cut into small pieces measuring 2x3x5-5x5x5mm and then put into 2.5% glutaraldehyde for more than a day. The pieces were immersed in a 10% aqueous solution of NaOH for 3-7 days at room temperature (about 25C), and then rinsed in distilled water for a day or two, or until the pieces became transparent. They were then processed by the conductive staining method by MURAKAMI (1974): they were put in a 1% aqueous solution of tannic acid for 2-3h, rinsed in distilled water for several hours, and postfixed in a 1% aqueous solution of OsO4 for 1-2h. The specimens were dehydrated in a series of graded concentrations of ethanol, freeze-cracked with a razor blade in liquid nitrogen, and critical point-dried using liquid CO2. The dried specimens were mounted on metal stubs with a double sticky tape, coated with gold, and observed under the SEM (JSM-U3, JEOL, or HSM-2B, Hitachi) with an accelerating voltage of 10-15kV. Stereo pairs of SEM images were frequently taken with a tilt separation of 6-7 degrees to examine the spatial relationships of the structures. Some tissue pieces at the 100% ethanol step were processed for transmission electron microscopy (TEM) to examine how collagen fibrils were preserved after maceration.
RESULTS

Effects of the treatment with NaOH
Maceration of the tissues with a NaOH solution (about 25C), followed by extensive washing in distilled water effectively and consistently removed the cellular elements and their basal laminae, exposing the connective tissue fibers.
TEM observations showed that the structures exposed with NaOH were collagen fibrils in well preserved natural locations (Fig. 1) . The diameter of the collagen fibrils ranged from 20 to 100nm. Fine granules of electron dense materials were observed adhering to the surfaces of the collagen fibrils (Fig, 1) . SEM observations showed that collagen fibers were bundles consisting of numerous collagen fibrils. From the bundles of collagen fibrils, thinner bundles and fibrils branched off and formed networks surrounding the cellular elements.
The optimal duration of the NaOH treatment was 3-7 days depending on the tissue type and size. With shorter treatment, the cellular elements, especially cell nuclei tended to persist.
Collagen fibrillar network of the cardiac muscle
The cardiac muscle of the human left ventricle macerated by the present method showed numerous labyrinthine tubes (4-7um in diameter) for housing individual cardiac myocytes. Each tube consisted of a network of collagen fibrils taking winding courses, though running more or less circularly or spirally around the space for the myocyte (Fig. 2) . Such collagen fibrils of the sheath came off from the bundles of collagen fibrils that wound longitudinally in the outer parts or between the sheaths for the myocytes. The collagen fibrillar sheaths of neighboring myocytes were interconnected by numerous collagen fibrils (Fig. 2) . At the site where the myocyte bifurcated, there was a collagen fibrillar septum with a free edge. The collagen fibrillar sheath for the myocyte occasionally possessed oval fenestrae through which myocytes were presumed to form lateral connections in the natural state. Besides these collagen sheaths, there were narrow collagen fibrillar sheaths for housing blood vessels in the endomysium. The space for accommodating the skeletal muscular fiber in the dog tongue was demarcated by a cylindrical sheath (15-25um in diameter) arranged in paral- (Fig. 3 ). This endomysial collagen sheath was separated into two layers. The outer layer consisted of bundles of collagen fibrils which wound in longitudinal courses and gave off numerous smaller bundles and fibrils. These, in turn, took wavy and rather transverse courses, repeatedly anastomosing and branching to form the inner layer of the sheath (Fig. 3) . Most of the collagen fibrils of the inner layer were arranged in two opposing spirals. There seemed to be few collagen fibrils intervening between adjacent endomysial sheaths. Between the endomysia there also existed thick bundles of collagen fibrils winding in longitudinal courses (Fig. 3 ). The inner layer was composed of collagen fibrils that were arranged in two opposing spirals, thus forming an extremely delicate meshwork surrounding individual nerve fibers. The outer layer, on the other hand, consisted of bundles (several micrometers in diameter) of collagen fibrils running in a longitudinal direction along the axis of the nerve fibers. The bundles of collagen fibrils of the outer layer often gave off collagen fibrils into the inner layer. The thicker bundles of collagen fibrils of the outer layer tended to locate in regions where three or more sheaths met (Fig. 5 ).
The endoneurial collagen fibrillar sheaths were packed together by the perineural and epineurial collagen fibrillar sheets (Fig. 4) . Collagen fibrillar network at the epidermo-dermal junction of fingertip skin Treatment of the palmar skin of the human fingertips with the present method exposed a collagen fibrillar sheet at the dermal surface (Figs. 5-7 ). There were numbers of connective tissue papillae between the dermal grooves. These papillae, varying in size and shape, projected towards the epidermis, and arrayed themselves in double rows along the dactylograms (Fig. 5) . Most of the connective tissue papillae were finger-like in shape, but some appeared in tongue-like protrusions of irregular shapes. In addition, several small finger-like projections were frequently observed on top of the individual papillae (Fig. 5) . The shapes of the connective tissue papillae also showed individual differences.
At higher magnification, the dermal surface of the papillae showed numerous microridges made up of interwoven collagen fibrils (Figs. 6, 7) . Near the tip of the papilla, the ridges interconnected with one another to form ring-like folds, while at the shaft of the papilla the ridges were oriented parallel to the long axis of the papilla (Fig. 6) . However, at the very top of the papilla, the ridges became broader and frequently terminated as sinuous folds. At the base of the papillae the microridges were arranged in a honeycomb pattern similar to those seen around the top of the papilla. At the dermal surface of the secondary dermal grooves the collagen fibrils, running in various directions, formed many round or oval shallow depressions on the dermal surface (Fig. 7a) , while that of the primary dermal groove consisted of a rather smooth sheet of interwoven collagen fibrils (Fig. 7b) .
The primary dermal grooves possessed regularly scattered tunnel-like structures (45-60um in diameter) for accommodating eccrine sweat glands at intervals of 120-260um (Fig. 5) . Small fenestrae (3-4um in diameter) were also observed in the grooves (Fig. 7) . The dorsum of the tongue treated with the present method exposed the connective tissue sheet of the dermis (Fig. 8) . The sheet, consisting of interwoven collagen fibrils, displayed a reticular pattern of small ridges studded with flower shaped projections, i.e., the connective tissue papillae underlying the lingual papillae. The ridges interconnected with each other and formed numerous depressions of various sizes and shapes (Fig. 8) . The connective tissue papilla also showed numerous parallel microridges on its surface similar to those seen on the dermal surface in the human fingertip skin (Fig. 8b) . The filiform papillae were arranged regularly in distinct rows, while the fungiform papillae were scattered singly among the filiform papillae (Fig. 8a) . The connective tissue papillae of the filiform papillae showed a distinct polarity in shape with regard to their orientation in the tongue. At the center of the filiform papillae was an elliptical groove, measuring 40um in transverse diameter and 120um in longitudinal diameter (Fig. 8b) . Surrounding the groove were 8-12 petal-like projections of connective tissue. The petal located at the anterior pole of the groove was the largest, measuring about 90um in length (anteroposteriorly) and 40um in width (transversely); posteriorly the papillae became gradually smaller in size. The petal-like projection was lacking at the posterior pole of the groove (Fig. 8) . The connective tissue papillae of the fungiform papillae, on the other hand, were solid, lumpy projections (approximately 150um diameter) with several small swellings on their tops (Fig. 8a, arrowhead) . In the core of the connective tissue papillae of both filiform and fungiform papillae, there were switchback-channels for accommodating capillary loops.
Collagen fibrillar network of the small intestine
The NaOH treatment of the intestine exposed the collagen sheets underlying the epithelium of the villi and crypts (Fig. 9) . These collagen sheets were composed of interwoven collagen fibrils. The collagen fibrillar network of the villi showed many fenestrae of various sizes (0.5-4um in diameter) and shapes (Fig. 9c) . The collagen fibrils ran circularly along the rims of the fenestrae at their periphery (Fig. 9c) . The fibrils around larger fenestrae were denser in arrangement than those around the smaller ones (Fig.  9c) . The smaller fenestrae were sometimes covered with several collagen fibrils. The collagen fibrillar network surrounding the crypts did not possess any fenestrae as seen in the villi (Fig. 9b) . Figure 4a showing endoneurial collagen fibrillar networks (E) of the inner layer. Between the collagen fibrillar sheaths are condensations of thicker bundles of collagen fibrils that run longitudinally along the sheaths. Note that the collagen fibrils of the inner layer of the endoneurium are arranged in two opposing spirals. X5,000 Fig. 5 . A SEM view of human fingertip skin treated with the cell-maceration method shows the collagen fibrillar network at the epidermo-dermal junction. Numerous connective tissue papillae project towards the epidermis and line up in double rows. Between the double rows of the connective tissue papillae, i.e., the primary dermal groove (G), are round pits (arrowheads) for sweat glands. x180 Near the base of the connective tissue papillae are many shallow round depressions surrounded by collagen fibrils (a), while the collagen fibrillar network of the bottom of the groove shows a rather smooth surface with occasional fenestrae (F) (b). x8,000 The present study has clearly shown that the cellmaceration/SEM method previously described by one of us (OHTANI, 1987 ) is applicable to the demonstration of collagen fibrillar networks of various organs and tissues.
Treatment of various organs and tissues with a NaOH aqueous solution (about 25C) eliminates cellular elements and exposes the connective tissue fibers much more effectively and consistently than any other method so far described. Our TEM observations have shown that the structures extracted with the cell-maceration method are really collagen fibrils, which are well preserved in their natural locations.
Light microscopy of silver-impregnated preparations can only show bundles of collagen fibrils, but not individual collagen fibrils, since the diameter of the collagen fibril, ranging from 20-100nm, is much smaller than the resolving power of the light microscope. The present method, on the other hand, can clearly demonstrate individual collagen fibrils, regardless of whether they form bundles or course solitarily.
Our cell-maceration/SEM method is, therefore, highly useful for observation of the arrangements manifested by collagen fibrils in various tissues and organs. It is expected to facilitate studying alterations in fibrillar arrangements in pathological states. Our TEM observations of the NaOH-treated tissues show that fine granules of electron dense materials are deposited on the surface of the collagen fibrils. The granules may be precipitates made by tannic acid. Figure 9a showing the interwoven collagen fibrillar network underlying the basal lamina of the villous epithelium. The network possesses fenestrae (F) of various sizes and shapes. Note that the collagen fibrils around the large fenestra (which is seen at the bottom of the picture) are denser than those around the smaller fenestrae. x8,000 The present study has clearly demonstrated the collagen fibrillar sheath for accommodating individual myocytes or groups of myocytes. Several investigators have reported so-called intercellular collagen struts which are defined as bundles of collagen fibrils often attached near the Z-band level (CAULFIELD and BORG, 1979; PERLMAN et al., 1982; ROBINSON, COHEN-GOULD and FACTOR, 1983) . Such structures were, however, not recognizable in the present study. Instead, findings were that the circumferentially oriented collagen fibrils surrounding a myocyte extend to surround adjacent myocytes. Such collagen fibrils occurred not only at the Z-band level but also along the entire level of the myocyte. This organization of collagen fibrils may ensure the equal stretch of contiguous myocytes and prevent slippage of adjacent cells.
The oval or round fenestrae of the collagen fibrillar sheaths for housing the myocytes seem to indicate the sites where neighboring myocytes connect side to side along the lateral surface.
As reported by DOLBER and SPACH (1987) , the architecture of collagenous structures may vary not only with age, species, and pathological state, but also within regions, a possibility we are now investigating by our cell-maceration/SEM method. The present study has clearly demonstrated that collagen fibrillar network of the endomysium consists of two layers: the inner layer made up of collagen fibrils running in two opposing helices along the muscle fibers, and the outer layer of bundles of collagen fibrils winding in longitudinal courses.
It has been suggested that the breaking force of the muscle lies in the fine network of collagen fibrils of the sarcolemma, and not in the epimysium or perimysium (CASELLA, 1950) . The resistance to stretching is reported to be unaltered in rat muscles at rest when the epimysium is circumferentially sectioned (STOLOV and WEILEPP, 1966) . As assumed by PETERSEN (1922) and clearly demonstrated in the present study, the endomysial collagen fibrils of the inner layer are arranged in two opposing helices. SCHMALBRUCH (1974) demonstrated, in his TEM study of replicas of the surface of frog muscle fibers, that the helically arranged collagen fibrils surrounding muscle fibers are slack at equilibrium length and their orientation changes during contraction.
In this connection, it seems natural that the inner fine collagen fibrillar sheath of the endomysium plays an important role in resisting stretching forces along the muscle fibers (SCHMALBRUCH, 1985) .
The longitudinally oriented bundles of collagen fibrils that exist between the endomysial collagen fibrillar sheaths also seem to be involved in resisting the excessive stretching forces along muscle fibers.
Noteworthy is that the individual endomysial collagen fibrillar sheaths of the skeletal muscle are not so tightly connected with adjacent ones as are the collagen fibrillar sheaths investing the cardiac myocytes. This indicates that individual muscle fibers in the skeletal muscle are, to some extent, independent fibers, and thus each of them is allowed a certain degree of freedom of motion (FAWCETT, 1986) . On this point, the collagen fibrillar sheath for housing the skeletal muscle fiber differs greatly from that for the cardiac myocyte: the latter is so organized that the adjacent myocytes move synchronously with little independence.
Collagen fibrillar network of the endoneurium PLENK (1927 PLENK ( , 1934 (1927, 1934) described. In addition to these reports, the present study has clearly demonstrated that collagen fibrils of the inner layer are arranged in two opposing spirals, and those of the outer layer form bundles running longitudinally.
As reported in early light microscopic studies (LAIDLAW, 1930; NAGEOTTE, 1932) and in a recent SEM study (USHIKI and IDE, 1986) , there is a continuity between the outer and inner layers of the endoneurial collagen sheath.
The collagen fibrillar sheath of the endoneurium may play an important role in resisting the stretching forces along the nerve fibers (USHIKI and IDE, 1986) . The inner collagen fibrillar meshwork may also contribute toward maintaining a specific microenvironment for Schwann cells ensheathing nerve fibers.
Collagen fibrillar network at the epithelialconnective tissue junction Recent SEM studies of human thick skin (HULL and WARFEL,1983; MISUMI and AKIYOSHI, 1984; KAWABE, MACCALLUM and LILLIE, 1985) and of the tongue (KARRING, 1973; KLEIN-SZANTO and SCHROEDER, 1977; KOBAYASHI, MIYATA and IINO, 1987) have demonstrated a complex folded pattern on the dermal surface of the epidermal-dermal junction. In addition to confirming such previous findings, we have clearly demonstrated the arrangement of the collagen fibrils of the dermal surface of the human fingertip skin and the dog tongue.
The present study found that numerous microridges consisting of a network of interwoven collagen fibrils are present at the epithelial-connective tissue junction. This structure probably corresponds to a complex system of cytoplasmic processes of the basal epithelial cells (SCHENK and WERSALL, 1975; KAWABE, MACCALLUM and LILLIE, 1985) ; it also seems a device for the tight adherence of the epithelium, with the aid of the basal lamina, to the underlying connective tissue fibers, and for mechanical support of the epithelium. The present study shows that each filiform papilla in the adult dog tongue contains 8-12 connective tissue papillae. In the newborn dog, however, each filiform papilla contains a connective tissue papilla in a horseshoe shape (KOBAYASHI, MIYATA and IINO, 1987 The present study has clarified the three-dimensional architecture of the collagen fibrillar networks lining the epithelium of the small intestine. The sizes and frequencies of the pores in the collagen fibrillar network of the villi correspond neatly to those reported in the basal lamina at the same site (LOW and MCCLUGAGE, 1984; KOMURO,1985; TAKAHASHI-IWANAGA and FUJITA, 1985; MCCLUGAGE, LOW and ZIMNY, 1986) . The collagen fibrillar meshwork around larger pores is denser than that around the smaller ones, suggesting that free cells push away the collagen fibrils to pass through the collagen fibrillar network. There are occasional observations of smaller pores covered with several collagen fibrils. These findings suggest that the pores in the collagen fibrillar networks of the villi are formed by the cells that pass across the network and then repaired over a certain period after the passage of the cells.
The felt-like collagen fibrillar networks surrounding the intestinal glands reported here are consistent with those demonstrated by SEM of tissues treated either with a 2% aqueous solution of Tween 20 or a 0.5% EDTA phosphate-buffered solution (pH 7.3) (USHIKI, ISHII and IDE, 1986 ).
Prospects of collagen frameworks for tissue culture
The present study has demonstrated that the arrangements of collagen fibrils show patterns specific to individual organs and tissues. As has been partly discussed already, the collagen fibrillar framework of each tissue probably play an important role in maintaining the microenvironment suitable for cells that lodge in the framework.
It is well known that the in vitro growth capacity of cells in conventional tissue culture dishes is limited. EHRMANN and GEY (1956) pointed out that collagen gel can provide a three-dimensional environment for cultured cells. It has been reported that mammary cells embedded within a three-dimensional collagen gel matrix grow better than those cultured on plastic dishes (YANG et al., 1979 (YANG et al., , 1980 YANG and NANDI, 1983) . In this connection, it seems reasonable to consider that the collagen framework produced by the present cell-maceration method may be a useful "biomatrix" (ENAT et al., 1984) 
